Brartemicin is a trehalose-based inhibitor of tumor cell invasion produced by the actinomycete of the genus Nonomuraea. In order to find more potent anti-invasive agents and study the structure-activity relationships, a series of 19 brartemicin analogs were prepared via two synthetic routes from a,a-D-trehalose and evaluated for their anti-invasive activities. Compound 4f, 6,6 0 -bis(2,3-dimethoxybenzoyl)-a,a-D-trehalose, was more potent than the natural brartemicin. It inhibited the invasion of murine colon 26-L5, colon carcinoma SW620, melanoma B16-BL6 and breast MDA-MB-231 cells with IC 50 values of 0.15, 2.35, 4.12 and 2.61 mM, respectively. Analog 4p, 6,6 0 -bis(3,4-dimethoxycinnamoyl)-a,a-D-trehalose, was as potent as brartemicin against invasion of murine colon 26-L5 carcinoma cells in vitro. The structure-activity relationships of these novel trehalose-based compounds were summarized.
INTRODUCTION
Metastasis, the spread of malignant cells from a primary tumor to distant sites, poses the biggest problem to cancer treatment and is responsible for 90% of cancer patient deaths. 1 It occurs in a series of discrete steps, including the detachment of cancer cells from primary tumor, migration, adhesion and invasion of cancer cells into the blood or lymphatic vessels, extravasation out of the vessel, and finally, interactions with the target tissue and grows out to secondary tumors. 2 Advances in the successful treatment of cancer by existing approaches, such as surgery and chemotherapy, remain limited by the presence of metastatic disease. As invasion is crucial at all the different steps of the metastasis process and closely related to the final outcome of cancer, the development of anti-invasive and anti-metastasis drugs by specifically inhibiting the invasive behavior of tumor cells is extremely attractive. 3, 4 In recent years, many natural products have been identified to have good activities against tumor invasion and metastasis. 5, 6 6, 6 0 -bis(2,4-dihydroxy-6-methylbenzoyl)-a,a-D-trehalose (Brartemicin, 1) was recently isolated from the culture broth of the actinomycete of the genus Nonomuraea. It can inhibit the invasion of murine colon carcinoma 26-L5 cells with an IC 50 value of 0.25 mg ml À1 , and has no cytotoxicity against the same cell line even at the concentration of 10 mg ml À1 . 7 As a natural product, the structure-activity relationships of brartemicin are not clear. In a previous communication, we reported the synthesis and evaluation of nine brartemicin analogs as anti-invasive agents. 8 We extended this study and reported here the preparation of a total of 19 brartemicin derivatives having diverse substituents at the 6,6
0 -positions of a,a-D-trehalose, structure-activity relationship investigations and in vitro anti-invasive activities.
RESULTS AND DISCUSSION
Synthesis of brartemicin analogs 6,6
0 -Di-O-acyl-chemical modification of trehalose is one of the most effective approaches for the understanding of the biological potential of these compounds. 9, 10 To find potent anti-invasive agents and investigate the structure-activity relationships, a diverse group of trehalose esters with aromatic, heterocyclic and aliphatic substituents at the 6,6
0 -positions of a,a-D-trehalose were designed. These brartemicin analogs were prepared via two synthetic routes (methods A and B). These synthesis plans relied either on a useful difference in reactivity between the primary and secondary hydroxyl groups of trehalose or on suitably blocked molecules.
As shown in Scheme 1, method A adopted benzyl as the secondary hydroxyl protective group. The benzyl-protected trehalose 2 was prepared by a slight modification of Gilbertson's procedures 11 with an improved yield from 25 to 35% as described in the previous report. 8 The esterification was best achieved via the Mitsunobu reaction 12, 13 in anhydrous THF in the presence of triphenylphosphine and DIAD (diisopropyl azodicarboxylate) to give the intermediates 3a-m in yields ranging from 64 to 88%. Finally, removal of the benzyl protective groups and functionality alteration under hydrogenolysis conditions generated the brartemicin analogs 4a-m in generally good yields. The results are summarized in Table 1 .
For those compounds having the functional groups that could not tolerate the hydrogenolysis conditions or those that could be prepared only in poor yields by method A, we prepared them by method B as shown in Scheme 2.
The hexasilylated trehalose 5 was prepared following Gensler's procedures. 14 Treatment trehalose with trimethylsilyl chloride in dry pyridine gave the octa(trimethylsilyl) trehalose, which could be selectively desilylated to hexasilylated trehalose 5 having both primary hydroxyl groups exposed. Coupling reaction of the alcohol with various acids in the presence of DCC and DMAP led to the protected esters 3n-s in good yields (69-89%). Finally, removal of TMS protective groups under catalytic acid conditions gave the brartemicin analogs 4n-s in high yields (Table 1) .
Structure-activity relationships of brartemicin analogs
The synthetic trehalose-based compounds were tested for in vitro inhibitory activity against invasion of murine colon 26-L5 cells using Transwell chamber with 8.0-mm-diameter polyvinylpyrrolidone-free carbonate filters coated with matrigel. 15, 16 Cytotoxicity was also examined in the same cell line. All compounds tested exhibited no cytotoxicity even at the concentration of 80 mM. The anti-invasion assay results are summarized in Table 1 . Two compounds exhibited very strong anti-invasive activities. Analog 4f having 2,3-dimethoxybenzoyl moieties was the most potent with an IC 50 of 0.15 mM, and 2.6-fold more potent than brartemicin (0.39 mM) against invasion of murine colon 26-L5 cells. It was also potent towards SW620 colon As brartemicin is a 6,6 0 -dibenzoyltrehalose, a variety of substituents on the phenyl ring were investigated for their effects on the antiinvasive activities. Among the mono-substituted compounds with different functionality at the 2-position of the benzoic acid ring, the 2-methyl substituted analog 4b was not active, while the 2-hydroxy and 2-methoxy substituted derivatives 4c and 4a maintained the antiinvasive activity (entries 3 and 1). This indicated that a hydrogen donor or acceptor group at the 2-position of the phenyl ring might be important for the activity. On the other hand, the 4-hydroxybenzoic acid derivative 4e (entry 5) was potent and had an IC 50 of 1.72 mM, while its methylated analog 4d (entry 4) completely lost anti-invasive activity. This stressed the subtle bulkiness or polarity requirements at the 4-position of the phenyl ring.
Among the disubstituted benzoic acid ester series, the 2,3-dimethoxy-substituted analog 4f was not only much more potent than its 2,3-dihydroxy counterpart 4t (entry 20), but also superior to the natural brartemicin. However, the 2-hydroxy-3-methoxy-benzoate 4g (entry 7) was not active. It seemed that the methoxy group at the 2-position of 2,3-disubstituted analogs might be crucial for their antiinvasive activity. In comparison with the active 2-methoxy-and 4-hydroxy-substituted analogs 4a and 4e, the 2,4-dimethoxybenzoate 4h and 2,4-dihydroxybenzoate 4i were not active. Therefore, the disubstitution at the 2,4-positions was not favored for the antiinvasive activity. In general, the disubstitution at the 2,6-positions was well tolerated; both the 2,6-difluoro-and 2-ethylamino-6-methylbenzoic acid esters 4j and 4k (entries 10 and 11) were potent, while the 2,6-dichloro-substituted analog 4n (entry 14) had a decreased activity. Moreover, the 4-fluoro-3-methoxy-substituted and 3,4,5-trimethoxybenzoic esters 4l and 4m (entries 12 and 13) exhibited no anti-invasive abilities.
The replacements of the benzoyl moiety in brartemicin with heterocyclic or aliphatic acyl groups led to the loss of activities (analogs 3q-s, entries 17-19). This stressed the importance of the benzoyl moiety for the anti-invasive activity. Further investigation was made by placing an ethylene spacer between the phenyl and the carbonyl group. Though the cinnamate 4o was not active, the 3,4-dimethoxy-cinnamate 4p was just as potent as the natural brartemicin. This again emphasized the importance of the substituents on the phenyl ring. Moreover, as the 4-methoxy-substituted benzoate analogs were in general not active, the cinnamate counterparts may have different substituent requirements for the anti-invasive activity. This provided a structural basis for further modifications.
CONCLUSION
In summary, a series of 19 novel trehalose-based brartemicin analogs were synthesized and evaluated for their anti-invasive activity. Compound 4f was more potent than the natural brartemicin. It inhibited the invasion of murine colon 26-L5, colon carcinoma SW620, melanoma B16-BL6 and breast MDA-MB-231 cells with IC 50 values of 0.15, 2.35, 4.12 and 2.61 mM, respectively. The 3,4-dimethoxy-cinnamate 4p was also as potent as brartemicin. For the mono-substituted benzoates, substitution with a methoxy group at the 2-position was preferred, while substitution with a hydroxyl group at either 2-or 4-position maintained the potency. For the disubstituted benzoates, the substitution with methoxy group at the 2,3-positions gave the best results, and the 2-methoxy group was crucial for the activity, while for the 2,6-disubstituted benzoates, the substitution with a methoxy-, ethylamino-, fluoro-or chloro-group at the 2-position was well tolerated. In addition, introducing an ethylene spacer between the phenyl ring and the carbonyl group could also lead to potent analogs. These findings demonstrated that the trehalose-based compound was a new and interesting scaffold for the development of anti-invasive and anti-metastatic agents.
EXPERIMENTAL PROCEDURE Chemistry
Melting points were determined on an X-6 micro-melting point apparatus (Beijing Tech. Co Ltd, Beijing, China) and are uncorrected. 1 H and 13 C-NMR (600 MHz) spectra were recorded at room temperature on a Bruker-500 NMR spectrometer, and all chemical shifts were reported as d values (p.p.m.) relative to Me 4 Si (0.00 p.p.m.) as internal standards. Electrospray-ionization MS (ESI-MS) was performed on an API 4000 instrument. Column chromatography was performed on silica gel (200 À300 mesh). Independent analysis of purity for synthetic products was achieved using analytical HPLC system (column, YMCPack SL12S05-2546JT A-003; flow rate, 1.0 ml min À1 ; gradient, 10-90% acetonitrile, 90-10% water (0.1% TFA) over 40 min. All the compounds are of high purities (498.5%). All reactions involving oxygen-or moisturesensitive compounds were carried out under a dry N 2 atmosphere. Unless otherwise noted, reagents were added by syringe. THF was distilled from sodium/benzophenone immediately before use. the solid with Et 2 O for several times until the disappearance of the trityl residue checked by TLC followed by washing with 3% NaHCO 3 solution and drying in vacuum gave a white solid (25 g).
The crude bistritylated trehalose was dissolved in DMF (200 ml) and added 80% NaH (15.86 g, 528.60 mmol). After stirring under nitrogen at room temperature for 1 h, benzyl bromide (37.7 ml, 317.2 mmol) was added and the reaction mixture was stirred for 48 h. Distillation under vacuum removed most of the solvent and the residue was diluted with EtOAc. Ice water was then added. The aqueous layer was extracted with EtOAc, and the combined organic layers were washed with brine and dried over Na 2 SO 4 . After evaporation of solvent, the yellowish oil was dissolved in CH 2 Cl 2 (100 ml) and MeOH (100 ml) and TsOH-H 2 O (15.1 g, 79.3 mmol) 20 g, 35%) .
Preparation of intermediates 3a-m
. Triphenylphosphine (300 mg, 1.14 mmol), 2-methoxybenzoic acid (155 mg, 1.02 mmol) and di-isopropyl azodicarboxylate (226 ml, 1.14 mmol) were added to a stirred solution of 2 (300 mg, 0.34 mmol) in dry THF (10 ml) at 0 1C. After stirring for 2 h at the same temperature, the reaction mixture was diluted with ice water and extracted with EtOAc. The organic layer was dried over anhydrous Na 2 SO 4 , filtered and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc, 15B3:1) to give 3a (324.9 mg, 83%) as a colorless oil. 1 Following the same procedures described for 3a, intermediates 3b-m were prepared. Compound 5 was prepared following Gensler's procedures. 14 To a solution of trehalose dihydrate (10.0 g, 26.43 mmol) in dry pyridine (100 ml) was added trimethylsilyl chloride (50 ml, 396 mmol) at room temperature dropwise. After stirring at room temperature for 1 day, the mixture was refluxed for 2 h.
Solvent was removed by distillation at reduced pressures. The residue, treated with 200 ml of dry petroleum ether, was filtered. The crude persilylated trehalose was dissolved in dry pyridine (100 ml). Water (10 ml) and glacial acetic acid (3.3 ml) was then added at 8 1C. The cold solution was stirred under N 2 for 14 h. The reaction mixture was poured over crushed ice and water (200 ml), and the two-phase system was extracted with several portions of petroleum ether. After the combined extract was washed several times with cold water, the organic layer was dried and concentrated. Purification of the crude product by gradient flash silica gel chromatography (hexane/ethyl acetate: 20B10/1) afforded 5 as a white solid (15 g, 73%) . m.p. 115-117 1C. Preparation of intermediates 3n-s Following the same procedures described for 3n, intermediates 3o-s were prepared. the wells of a 96-well culture plate (1 Â 10 4 cells per 100 ml per well). After incubation for 24 h in a humidified 5% CO 2 incubator at 37 1C, the well was washed with PBS and the cells were fixed with 20% formalin. Then, the wells were washed with PBS and cells were stained with crystal violet for 30 min. After washing with water, the crystal violet dye was extracted with 30% acetic acid and the absorbance at 590 nm was measured.
Invasion assay. Invasion of tumor cells through the reconstituted basement membrane, Matrigel, was assessed in transwell cell culture chambers. 16 In brief, polyvinylpyrrolidone-free carbonate filters of 8.0 mm pore size (Nucleopore, Pleasanton, CA, USA) were mounted in the transwell chambers (Costar 3422, Cambridge, MA, USA). The lower surface of the filters was coated with 20 mg of fibronectin and the upper surface was coated with 5 mg of Matrigel (Collaborative Research Inc., Bedford, MA, USA). Exponentially growing colon 26-L5 cells were harvested and resuspended in RPMI containing 1% FCS and various concentrations of brartemicin and its analogs. One hundred microlitres of cell suspension (2 Â 10 4 cells per chamber) was then added to the upper chamber and incubated in a 24-well culture plate at 37 1C for 6-8 h. At the end of incubation, the cells on the filters were fixed with methanol and stained with hematoxylin for 3 min and eosin for 10 s. After gentle rinsing with water, the cells remaining in the Matrigel were removed by wiping the upper chamber with a cotton swab. The filters containing the stained cells that had invaded or migrated through the lower surface were removed from the transwell chambers. The number of the invaded or migrated cells was counted in five different fields of each well under the microscope.
